Two commercial enzyme immunoassays, designated EIA-1 and EIA-2, for the detection of salmonella in feces and cecal contents were compared to conventional culture methods. Out of 362 cecal content samples, 35 were positive by EIA-1 and 30 were positive by EIA-2 and conventional methods. Out of 189 fecal samples, 41 were positive by EIA-1, 30 were positive by EIA-2, and 24 were positive by conventional culture methods. The EIA-1 assay method detected more positive samples overall, although only comparison of the fecal samples was statistically significant. The results indicate that the EIA-1 method is rapid, requiring only 24 hours, and may be more sensitive than the EIA-2 assay and conventional culture techniques. Enzyme immunoassays for the detection of salmonella in fecal samples or cecal contents provide a reasonable alternative to conventional culture techniques.
Infection of pigs with Salmonella enterica species may lead to clinical disease with fever and profuse watery diarrhea or subclinical infections without clinical signs. Detection of salmonellae in subclinically infected animals is hampered by intermittent shedding and low numbers of bacteria in the feces. 3 Subclinical salmonella infection in swine constitutes a human health risk because fecal material from the animal may contaminate the carcass during slaughter. Meat from the contaminated carcass may subsequently give rise to human disease, directly or indirectly, by cross-contamination of other food products along the manufacturing and distribution line from the slaughterhouse to the consumer. 11 The importance of pork as a source of human salmonellosis has been shown in a number of investigations. Pork was estimated to be the primary source of sporadic human infections with Salmonella typhimurium in Denmark in 1992 and 1993. 2, 14 Furthermore, contaminated pork distributed from a single slaughterhouse was found to be the source of a major Danish Salmonella infantis outbreak involving approximately 550 documented cases of disease in 1993. 13 In order to reduce salmonella contamination of Danish pork, a microbiologic screening program was conducted with the objective of detecting swine herds with subclinical salmonella infection. 3 Swine from infected herds could then be slaughtered under increased hy-giene measures in order to reduce carcass contamination.
Samples of cecal contents were collected at slaughter, and infected farms were subsequently visited for collection of fecal pen samples in order to detect foci of infection within the herd and to devise a strategy for salmonella reduction.
A number of conventional detection methods were previously evaluated for the detection of salmonella in swine cecal samples. 1 Pre-enrichment in buffered peptone water (BPW) followed by selective culture on modified semisolid Rappaport-Vassiliadis medium (MSRV) was found to be more sensitive than pre-enrichment in BPW followed by selective enrichment in either Rappaport-Vassiliadis broth (RV) or Selenite broth and detection on brilliant green agar (BGA). In addition, MSRV was less labor intensive and provided results 24 hours earlier than the 2 other conventional methods. These findings were in agreement with previous evaluations of MSRV performed on food samples. 4, 6, 10 The MSRV method was subsequently utilized in the microbiologic salmonella control program for Danish swine herds during 1993 and 1994.
For routine investigations of large numbers of samples with a low proportion of positive samples, automated or semiautomated screening methods such as enzyme immunoassays (EIA) are preferred. 5, 7 In the present investigation, the performance of 2 commercially available EIA methods, designated EIA-1 and EIA-2, was compared to the MSRV method for detection of salmonella in swine cecal content collected at slaughter as well as in samples of swine feces collected on farms.
Materials and Methods
Preparation and storage of samples. There were 362 samples of cecal content and 189 fecal samples from housing pens included in this study. The cecal samples originated from animals from 19 different herds (approximately 40 samples per herd) slaughtered at different slaughterhouses. At slaughter, each cecum was cut open with a sterile knife and approximately 50-100 ml of the contents were poured directly into a sterile plastic beaker, which was closed and immediately shipped to the Danish Veterinary Laboratory (DVL). Pen samples were collected from 13 different herds by the district veterinarians. Approximately 12 samples were taken from different locations within each herd. Samples arriving at the DVL between Monday and Wednesday were immediately prepared for analysis; samples arriving between Thursday and Sunday were stored at 4 C until the analysis was started on the following Monday.
MSRV method. MSRV plates were prepared as follows. One-half liter of MSRV solution was prepared from 30 g MSRV, a 5 g saccharose, and 500 ml sterile deionized water. The mixture was allowed to rest for 15 min before it was heated until boiling. The MSRV was cooled to 50 C and supplemented with 2 ml of 10 mg/ml novobiocin b and 0.5 ml of a 1.6% solution of bromcresol purple c in ethanol. Approximately 16-18 ml were poured into each petri dish (diameter 9.5 cm) yielding approximately 30 plates from 500 ml of MSRV. Before use, the MSRV plates were allowed to dry for 30 min at room temperature with the lid slightly open.
A 5-g sample was weighed directly into a sterile 100-ml plastic beaker, and 45 ml buffered peptone water (BPW) d was added. The beaker was closed with a plastic lid and incubated at 37 C for 16-20 hr. Following incubation, 3 drops of approximately 33 l each, was spotted in a triangular pattern onto the surface of a MSRV plate. The plates where incubated at 41.5 C for 20-24 hrs. Following incubation of the plates, the appearance of a pink halo of swarming bacteria perpendicular to the spotted sample was considered indicative of the presence of salmonella. Verification included subculturing from the swarming-zone onto a BGA plate, e incubation for 16-20 hr at 37 C, transfer of a single typical colony to a Columbia agar plate, f incubation overnight at 37 C, and serotyping according to previously described methods. 12 False positive reactions were investigated by culturing from the swarming-zone onto a 5% bovine blood agar plate, followed by incubation for 16-20 hr at 37 C and identification of predominant bacterial colonies. The ability of the identified strains to produce false positive reactions in the test was not further investigated.
EIA-1 method. A 5-g sample was weighed directly into a sterile 100-ml plastic beaker, and 45 ml of pre-enrichment broth (SEB-I) g was added. The beaker was closed with a plastic lid and incubated at 41.5 C for 19-24 hr. From the pre-enrichment broth, 0.5 ml was transferred to 10 ml of enrichment broth (NMB) g and incubated at 42 C for 3 hr. The SEB-I was stored at 4 C for verification of positive samples. The NMB was heated in boiling water for 15 min and cooled under tap water to room temperature prior to conducting EIA-1. g The EIA-1 detection of salmonella was carried out on an automatic analyzer. g The analyzer automatically performs an EIA analysis on up to 27 samples in 1.25 hr. The EIA is based on the sandwich technique using 2 monoclonal antibodies (catcher and detector antibody) directed against salmonella flagellar antigens. The catcher antibodies are covalently coupled to paramagnetic beads that function as the solid phase. The detector antibody is conjugated to the enzyme 4-methyl-umbilleferyl-beta-galactosidase. This enzyme cleaves the substrate 4-methyl-umbilleferyl-beta-galactoside (4-MUG) to a fluorescent substance, 4-methyl-umbilliferone (4-MU). The amount of 4-MU is detected by a built-in fluorescence detector.
The paramagnetic properties of the beads facilitate the numerous separation steps of the assay. By means of a magnet, the beads can be fixed onto the inner side of the test tubes, thus making washing and removal of unbound material very simple. Due to the large surface of the beads the immunoreaction takes place in a very short time compared to EIA performed in 96-well microplates.
One hour before analysis, the EIA-1 kit was placed at room temperature for equilibration. The analyzer was switched on, and the automatic rinse procedure was run once. The fluid reagents of the kit were mounted in the analyzer. A 0.5-ml portion of each sample to be analyzed was transferred to a test tube and placed in the analyzer. Two test tubes containing a positive and a negative control, respectively, were included, and the analysis was started. Results were recorded on a standard dot-matrix printer. Samples giving rise to a fluorescence signal above a preset empirically determined cutoff value were regarded as positive.
Positive samples were verified by transferring 0.1 ml from the SEB-I broth to an MSRV plate, which was incubated at 41.5 C for 20-24 hr. Positive reactions on the MSRV plate were verified as described previously. False positive reactions were investigated by culturing from SEB-I onto a 5% bovine blood agar plate, followed by incubation for 16-20 hr at 37 C and identification of predominant bacterial colonies. The ability of the identified strains to produce false positive reactions in the test was not further investigated.
EIA-2 method. The EIA-2 test h is a conventional sandwich ELISA based on polyclonal catcher and detector antibodies directed against salmonella surface proteins. Microtiter wells (supplied in strips of 8 or 12) function as the solid phase. The color detection system consists of the substrate 3,3Ј, 5,5Ј-tetramethylbenzidine (TMB) and peroxidase conjugated to the detector antibodies. The pre-enrichment procedure was similar to the conventional method described above. A 0.1-ml aliquot of pre-enrichment broth was transferred to 10 ml RV, i and incubated at 41.5 C for 20-24 hr. The ELISA procedure was performed according to the manufacturer's description. Briefly, 1 ml RV was boiled for 15 min and cooled, under tap water, to room temperature. A 0.1-ml aliquot of the RV sample was pipetted into a well. Furthermore, the positive and negative samples supplied with the kit were pipetted into one well each. The wells were sealed by plastic film and incubated for 30 min at 37 C. Following incubation, the wells were washed 5-7 times with washing solution. Immediately thereafter, 0.1 ml of conjugate solution was added to all the wells, which were sealed and incubated for 30 min at 37 C. The wells were washed 5-7 times with washing solution. One-tenth of the substrate solution was added to each well, and the wells were incubated for 15 min at room temperature. The color development was stopped by addition of 0.1 ml of the stop reagent, and the plates were read automatically in a spectrophotometer at 450 nm. Results were interpreted according to the guidelines offered by the manufacturer; positive reactions had an optical density (OD) greater than 0.200. For verification of positive samples, 0.01 ml RV was streak inoculated on a BGA plate and incubated at 37 C for 16-24 hr, and typical colonies were serotyped. 12 False positive reactions were investigated by inoculating 0.01 ml from the RV broth onto a 5% bovine blood agar plate, followed by incubation for 16-20 hr at 37 C and identification of predominant bacterial colonies. The ability of the identified strains to produce false positive reactions in the test was not further investigated.
Statistical analysis. A comparison of binomial proportions was used to detect statistical differences, as previously described. 8
Results

Cecal samples
A total of 39 salmonella-positive cecal samples were detected among the 362 animals investigated (10.8%) by one or more of the detection methods investigated ( Table 1) . This number was used as the true number of positive samples in calculation of sensitivity and specificity for the individual methods. The serotypes found in the 39 positive samples were. Salmonella typhimurium (21), S. 4.5.12:-:-(9), Salmonella infantis (3), Salmonella agona (2), Salmonella derby (2), Salmonella 4.12:b,-(1), and Salmonella livingstone (1) .
MSRV. Thirty salmonella-positive cecal samples were detected by the MSRV culture method ( Table 1) . The serotypes detected were. S. typhimurium (14) , S. 4.5.12:-:-(9), S. infantis (2), S. derby (2), S. agona (1), S. 4.12:b:-(1), and S. livingstone (1) . Twentyseven samples produced false positive reactions. En-terobacter clgacae was4the most commonly cultured bacterium from false positive cultures; Escherichia coli, Proteus spp., and Citrobacter diversus were also identified. Sensitivity and specificity of the method are shown in Table 1 .
EIA-1 method. Salmonella was cultured from 35 of 39 samples producing a positive reaction. The serotypes recovered were. S. typhimurium (18), S. 4.5.12: -:-(9), S. infantis (3), S. agona (2), S. derby (2), S. 4.12:b:-(1), and S. livingstone (1) . Proteus mirabilis, Citrobacter freundii, and Pseudomonas spp. were cultured from the 4 false positive test tubes.
EIA-2. Salmonella was cultured from 30 of 57 samples producing a positive ELISA reaction ( Table 1 ). The serotypes recovered were. S. typhimurium (14) , S. 4.5.12:-:-(9), S. infantis (2), S. agona (2), S. derby (2), and S. livingstone (1) . Bacterial species cultured from 27 enrichment broths producing a false positive reaction were E. coli, E. cloacae, Enterobacter agglomerans, Seratia liquifaciens, C. diversus, C. freundii, and P. mirabilis.
Pen fecal samples
Salmonella was detected by one or more methods in 42 of 189 samples investigated (22.2%). The following serotypes were isolated: S. typhimurium (36), S. worthington (3), S. typhimurium var. copenhagen (2), and S. infantis (1) . The 42 samples were used as the true number of positive samples in the calculation of sensitivity and specificity of the individual methods (Table 1) .
MSRV. This method detected 24 true positive samples (sensitivity 0.57) and 3 false positive samples (specificity 0.99). The serotypes recovered were S. typhimurium (21) and S. worthington (3) ( Table 1) .
EIA-1 method. Of the 43 samples producing a positive reaction, salmonella was recovered from 41 (sensitivity 0.98, specificity 0.99). The salmonella serotypes detected were. S. typhimurium (35), S. worthington (3), S. typhimurium var. copenhagen (2), and S. infantis (1) .
EIA-2 method. A total of 30 salmonella-positive samples were detected among 39 samples producing a positive reaction by this method (sensitivity 0.71, specificity 0.92). The positive samples were positive for the following salmonellae: S. typhimurium (25), S. worthington (3), and S. typhimurium var. copenhagen (2) ( Table 1 ). E. coli (3), E. cloacae (2), and P. mirabilis (1) were recovered from 6 of the positive samples; there was no growth in the other 3 positive samples.
Discussion
In the present investigation, the MSRV method was compared to 2 commercially available EIA kits in or-der to investigate the performance of these screening methods for the detection of salmonella in cecal and pen samples. The results were evaluated independently because the materials differed in properties such as viscosity, moisture content, pH, and composition of competitive flora, any of which could lead to different performances of the Iethods.
The EIA-2 method produced similar results to MSRV when cecal samples were investigated. When investigating pen samples, EIA-2 performed slightly better than MSRV although this difference not was statistically significant. Most of the observed difference was associated with samples from a single herd (not shown in Table 1 ) and most likely reflected a technical error (possibly, the MSRV plates became too dry during incubation). Both methods are 48-hour tests.
In a previous evaluation, the EIA-1 method detected 13% more positive samples of food and animal feedstuffs when compared to a reference culture method. 9 In the present investigation the performance of the EIA-1 method was better than that of the EIA-2 method and the MSRV method. The EIA-1 method had a higher sensitivity and specificity for detection of salmonella in both cecal samples and pen samples; however, the only statistically significant difference between methods was the sensitivity of EIA-1 compared to EIA-2 and MSRV on pen samples. All other results did not differ enough to become statistically significant. A larger number of specimens might have provided a firmer basis for determining whether the observed differences reflected true performance differences between the evaluated methods. The EIA-1 method produced results 24 hours earlier than the other methods included in the comparison.
The same 5-g sample was used to compare the MSRV method and the EIA-2 method because both methods used BPW for pre-enrichment, whereas a different 5-g sample from the same animal or pen was used for the EIA-1 analysis. If salmonella organisms in the samples were very low in number, or not uniformly distributed in samples positive by EIA-1, these samples could theoretically be true negative samples in the MSRV/EIA-2 and vice versa. This problem could be especially pronounced with the pen samples where homogeneous distribution of salmonella in the sample is less likely than in the relatively liquid cecal content. Good agreement between the test results obtained by the different methods on samples originating from the same animal or pen suggested that this problem probably had little or no significance (data not shown).
In addition to sensitivity, specificity, and speed of detection, the costs of the tests have to be considered, i.e., the price of the test and the cost of labor per test. In this investigation, the price of materials per test was approximately 2.5 times higher for the EIA-2 and 5 times higher for the EIA-1 methods than for the MSRV method. The labor necessary to run each sample was higher for the EIA-2 than for the MSRV method, whereas time consumed for the EIA-1 method was comparable to the MSRV method. In the EIA-1 method, all washing and pipetting steps were handled automatically by the analyzer.
Both EIA methods had sensitivities and specificities comparable to or higher than the MSRV method when evaluated for the detection of salmonellae in porcine cecal samples and pen fecal samples. The sensitivity of EIA-1 was significantly higher than EIA-2 and MSRV for pen samples, whereas the sensitivities of the 3 methods for cecal samples did not differ significantly. The EIA-1 method produced results in 24 hours compared to 48 hours for the other methods. The major drawback of the EIA-based salmonella detection kits was that both cost approximately 5 times more per test to perform than the MSRV method.
